Objective: Type I interferon (IFN-I) responses are broadly associated with autoimmune disease including SLE. Given the cardinal role of autoantibodies in SLE, we investigated whether a B lineage cell-specific IFN assay might correlate with SLE activity. Conclusion: Memory B cell surface tetherin, a reflection of cell-specific IFN response in a convenient flow cytometric assay, was associated with SLE diagnosis, disease activity and predicted flares better than other cell subsets or whole blood assays in independent validation cohorts.
INTRODUCTION
Type I interferons (IFN-I) are a highly pleotropic group of cytokines that link the innate and adaptive immune systems and play a pivotal role in autoimmune disease (1) (2) (3) . All nucleated cells express IFN-I receptors and will express a set of interferon-stimulated genes (ISGs) after exposure to IFN-I (4, 5) . Hundreds of effects of IFN-I on various cellular processes, interactions and disease processes have been described. A challenge in the assessment of IFN-I response in an individual disease is therefore ensuring the appropriate cellular response can be detected within this complex system. IFN-I proteins are unstable in blood and not easily detected even in monogenic interferonopathies with known high IFN-I production, possibly due to their efficient binding to the abundant IFN receptor (6) . IFN-I activity is therefore usually measured using expression of ISGs in whole blood. We previously analysed in ISG expression in sorted cells from SLE (a prototypic IFN-medicated disease) and healthy individuals and reported that ISG expression was markedly higher in monocytes compared to other circulating immune cells, which therefore dominates ISG assays that use unsorted blood(7).
These differing levels of ISG expression in cell populations may be due to the rate of turnover of each population, their trafficking to sites of higher IFN-I production in inflamed tissues, or priming for IFN-I response by other inflammatory mediators. In autoimmunity, IFN-I assays may have value to predict flares, and response to a range of different targeted therapies(8). However, existing whole blood IFN biomarkers show poor or uncertain correlation with disease activity(9-11).
The measurement of IFN-I status using whole blood ISG expression has two key weaknesses in interpreting pathogenic processes. First, changes in expression may reflect expansion or contraction of certain circulating leukocyte populations (12, 13) that differ in their level of ISG expression. This characteristically occurs in inflammatory diseases. In the case of SLE, lymphopenia is almost universally seen (14) . So any difference in whole blood gene expression may not necessarily indicate a change in production or exposure to IFN-I.
Second, analysing whole blood ISG expression does not allow detection of key pathogenic processes among the noise of other, less relevant, effects of IFN-I on biology. For example, B cells are a key mediator in SLE (15, 16) . IFN-I stimulates B cells to differentiate into plasmablasts which are expanded in SLE and correlate with disease activity (17, 18) . We previously demonstrated that the rate of plasmablast regeneration post-rituximab predicts clinical outcome(19). We also previously showed that IFN-I imprints plasma cells for the secretion of the proinflammatory molecule ISG15 (17) . Assessment of IFN-I activity in unsorted blood, gives limited information about the degree to which B cells have specifically been stimulated by IFN-I. Further, gene expression assays do not prove that a phenotypic change in target cells has occurred -there has been no widely used biomarker for IFN response at a protein level.
In order to resolve these problems, we developed a flow cytometric assay to allow measurement of IFN-I response in individual cells without the need for cell sorting.
We measured the expression of Tetherin (BST2, CD317), a GPI-anchored protein with unique topology which is ubiquitously expressed on the surface of nucleated cells. This molecule is prominent in viral immunology and encoded by a commonlymeasured ISG expressed in all leucocytes (4, 5, (20) (21) (22) . Unlike most ISGs, BST2 encodes a cell surface protein and can be easily measured in patient samples by flow cytometry. Siglec-1 is another flow cytometric IFN-I biomarker previously described(23, 24). However, Siglec-1 is only expressed on monocytes so resolves the issue of changes in size of cell populations but does not allow interrogation of individual cell subset IFN-I responses, including the key B lineage cell populations that are strongly linked to clinical and experimental disease. (25) (26) (27) We hypothesised that a dominant pathogenic role of IFN-I in SLE is its effect on Bcells, promoting plasmablast differentiation and clinical disease. Using in vitro stimulation and sorted cells from SLE patients and healthy individuals we showed that Tetherin accurately captures cell-specific differences in response to IFN-I. An crucial issue in biomarker research is demonstrating that biomarkers are predictive, correlate with a range of outcomes and can be reproduced in validation studies. In our studies, longitudinal analysis of discovery and validation cohorts showed that memory B cell tetherin more accurately correlates with plasmablast expansion, clinical features of disease and predicted flares better than monocyte tetherin or whole blood ISG expression.
MATERIALS AND METHODS
The SLE discovery cohort samples included 156 consecutive SLE patients as well as 22 age-matched healthy controls (HC) and 30 active ACPA-positive ANA-negative RA patients (DAS28) =3.9, 95% (CI 3.23-4.56) as a non-SLE inflammatory disease
control. An independent validation cohort consisted of 80 SLE patients recruited and studied longitudinally (total n=236). Disease activity was assessed at the time of sampling using the British Isles Lupus Assessment Group (BILAG-2004) (28) .
Validation cohort patients were also followed up for subsequent flare (BILAG A or B).
SLE patients' demographics and disease activity are shown in (Table S1 ). Patients with acute or chronic viral infection at the time of blood sampling were excluded from this study. All individuals provided informed written consent and this research was carried out in compliance with the Declaration of Helsinki. The patients' blood samples used for this study were collected under ethical approval, REC 10/H1306/88, National Research Ethics Committee Yorkshire and Humber-Leeds East, and healthy control participants' peripheral blood was collected under the study number 04/Q1206/107. All experiments were performed in accordance with relevant guidelines and regulations. The University of Leeds was contracted with administrative sponsorship.
The full details of methods see online Supplementary file and a previously published methodology paper(7).
RESULTS

BST2/Tetherin as a cell-specific phenotypic biomarker of IFN-I response
Global gene expression profiles showed that many ISGs were responsive to both IFN-α and IFN-γ while other ISGs responded specifically to IFN-α (7, 17). We therefore tested the influence of IFN-α (IFN-I) and IFN-γ (IFN-II) on 31 of most common reported ISGs by qPCR analysis (TaqMan) on B-cells in vitro as previously described (17) (Supplement figure S1). Results from in vitro stimulation confirmed that BST2 was in the ISG group predominantly responsive to IFN-I.
For this reason, we applied multi-parameter flow cytometry analysis to detect and quantify the tetherin on PBMCs described in supplementary methods. We used a gating strategy allowing to define: T-cells, NK-cells, monocytes as well as B-cell subsets: naïve, memory and plasmablasts. For each of these populations mean fluorescence intensity (MFI) of tetherin is shown compared to isotype control ( Figure   1A ). We compared cell-surface tetherin protein levels by flow cytometry versus BST2 gene by qPCR for these six FACS-sorted cell subtypes from ten SLE patients and six HC (total n=16). BST2 gene expression levels were substantially positively correlated with tetherin protein levels on the cell surface within each of the subtypes ( Figure 1B ). These data confirm that varying level of tetherin/BST2 expression between cell subsets and differences between individuals may be captured using flow cytometry without the need for cell sorting. Furthermore, we compared tetherin MFI on monocytes, B-cells and T-cells with Siglec-1 in samples from 25 SLE patients and 5 healthy controls. We confirmed that tetherin correlated with Siglec-1 only on monocytes because other cell subsets lack expression of Siglec-1 ( Figure S2 ).
Dose response of tetherin to IFN-I, IFN-II and IFN-III
We tested dose-response relationship of tetherin on all circulating cell subsets Tetherin levels differed significantly between cell subtypes within SLE, being highest for monocytes, 20% of monocyte level in T-cells, and 78% of monocyte level in plasmablasts (all p<0.001). Comparing between SLE and HC groups showed that tetherin MFI on monocytes did not significantly differ from HC (SLE:HC ratio 1.19, P=0.293), whereas a significant higher level was seen in in SLE for all other subsets (ratios 1.37-1.57, all P<0.05). Comparing the between group ratio of each subset against that for monocytes showed that the disease-associated increase of memory B-cell tetherin showed the greatest difference than monocytes' (P=0.046).
Rituximab treated SLE patients could confound accurate measurement of B-cell phenotype in these patients. We therefore repeated these analyses in rituximabnaïve patients (Table 1 , lower panel). In rituximab-naïve patients (n=58), the largest disease-associated increase in tetherin expression was seen in naïve (1.53) and memory B-cells (1.47). These ratios for naïve and memory B-cells were significantly different from monocytes (P=0.006 and P=0.013 respectively). These results indicate that differences in IFN response at a protein level between cell subsets are clinically relevant and B-cell tetherin is the most clinically relevant parameter.
Clinical validation of Tetherin IFN assay: diagnosis
We compared the performance of the tetherin flow cytometric assay in distinguishing between patients with a diagnosis of SLE, active RA, or HC. Given our previous results, for this analysis we only included rituximab-naïve patients controlled for age ( Figure 2 ). Full statistical table is shown in Supplement (Table S3) . We considered effect sizes to be small (0.01), medium (0.06) or large (0.14) as described by Cohen (29) . Tetherin data revealed a marked difference between cell subsets. Monocyte tetherin did not differentiate SLE from healthy control at all with ratio 1.19 (0.87- Tetherin was able to differentiate SLE from other inflammatory disease when compared with active RA. Tetherin on monocytes had no diagnostic function with ratio 1.37 (1.00-1.88) and effect size 0.03. However, all other cell subsets had moderate to large effect sizes ranging from 0.14 to the largest for plasmablasts at 0.23, with ratio 2.20 (1.66-2.93).
Clinical validation of IFN assays: disease activity
For disease activity, we investigated the association between the number of active organ systems (BILAG domains scoring A, B or C) per patient compared to tetherin on cell subsets as well as our recently described IFN score A, which comprises of 12 IFN-I selective ISGs (7). We controlled for age in all SLE patients (164 observations in 124 patients). The number of active domains was categorized 0 (n=22), 1 (n=54),
At the 10% level of significance, disease activity was associated with IFN Score A For IFN Score A, the relationship with disease activity was not linear. The only significant association between the score and disease activity was attributable to patients with the most severely active disease (≥3 domains). A similar, although nonsignificant, pattern was observed for tetherin on monocytes. In contrast, there was a linear relationship between memory B-cell tetherin and disease activity with a stepwise increase in expression for each increase in number of active domains ( Figure 3A ).
To investigate whether the difference between IFN-assays was because of the type of organ system affected, we analysed the two most commonly affected domains (mucocutaneous and musculoskeletal) in combination, excluding patients with activity (BILAG A, B or C) in any of the other domains. Although there was a significant relationship between each IFN-assay and overall disease activity, the relationship with IFN-assays varied between these two organ systems ( Figure 3B ).
For IFN Score A, increased expression was only seen with mucocutaneous disease activity. While, for tetherin on monocytes, increased level was observed only in patients with musculoskeletal disease activity. This may explain why this assay does not show a linear relationship with disease activity. However, memory B-cell tetherin had a more consistent relationship with disease activity in both organ systems. 
Independent Validation Cohort
The independent validation cohort consisted of a further 80 patients with SLE recruited and studied prospectively. Memory B-cell and monocyte tetherin levels were measured using fresh lysed whole blood in an independent accredited diagnostic laboratory. Disease activity was measured at the time of sampling using BILAG-2004. Patients were followed up for subsequent flare (BILAG A or B).
We found a similar relationship between tetherin and disease activity as in our discovery cohort. For memory B-cell tetherin, there was a significant relationship between number of organ domains and active disease (P=0.0005) but no relationship with monocyte tetherin (P=0.759, Figure 4C ). There was a significant association between global BILAG score and memory B-cell tetherin (Spearman's R=0.503, P<0.0001) but no association with monocyte tetherin (R=0.058, P=0.627).
Additionally Cell specific measurement based on flow cytometry has been demonstrated previously using expression of Siglec-1, another cell surface protein convenient for flow cytometry that is expressed by monocytes. Monocyte Siglec-1 has been shown to correlate with disease activity as well as predict autoimmune congenital heartblock (24, 36, 37 This marker correlated best with clinical features, and was the only marker to be associated with plasmablast number. After B cell depletion with rituximab, there is a highly variable rate of plasmablast repopulation that predicts clinical relapse.
Understanding the determinants of these repopulation patterns may reveal upstream factors controlling B cell autoreactivity. One previous paper reported a relationship between serum BAFF titres and numbers of plasmablasts at relapse(38). However, BAFF may not be the only factor. IFN-I also promotes B cell activation and differentiation into plasmablasts and plasma cells (27, 39) . This may include direct influences, for example in animal models IFN-I influences BCR and TLR-mediated response to self-nuclear antigen. Our work provides data in the human disease to support this observation(40, 41). Additionally, IFN-I induces a plasma cell phenotype that secretes ISG15 with additional pro-inflammatory effects (17) . In the present study we found that memory B cell tetherin correlated with plasmablast expansion after rituximab. A plasmablast signature was recently shown to be a strong biomarker for SLE and we and others previously showed that plasmablast expansion after rituximab was strongly predictive clinical relapse(19, 42, 43).
The tetherin biomarker has some limitations. Table   S5 were analysed using flow cytometry for surface tetherin on each subset (y axis)
and correlated with gene expression data for BST2 from the sorted subset (x axis).
There was a strong correlation between gene expression and protein within each subset allowing differences in ISG expression between cell subsets to be measured Age-adjusted differences between patients with SLE (red) and patients with active RA (DAS28>3.2; blue) or healthy controls (white). cell surface BST2/tetherin protein levels from cell subtypes identified through flow cytometry of PBMCs. Effect sizes (partial eta squared) indicate which of the variables differed to the greatest extent between the different groups. We considered effect size 0.01 to be small, 0.06 to be medium and 0.14 to be large (29) . Values under SLE and HC show age-adjusted mean tetherin protein levels compared within SLE patients and between SLE patients and controls. The tetherin cell protein data were ln-transformed prior to analysis, therefore the backtransformed results represent ratios of values in each of the subtypes relative to monocytes within SLE patients, and the ratio of SLE patients to HC in each of the subtypes. Interaction ratios express the ratio of the extent of the difference between SLE and HC in each subset relative to monocytes Values are Spearman's Rank Correlation Coefficient and P values for correlation between plasmablast count and Interferon Scores A and B (measured on unsorted PBMCs) as well as tetherin MFI on each cell subset (analysed using flow cytometry).
